Soil is the sink and source of heavy metals (both geogenic and anthropogenic) and plants are the ecosystem regulators, balancing the chemistry of life on earth. However, roots are the only connection between soil and plants, which are the real engineers of ecosystem dynamics responsible for environmental balance and stability. The plant-soil interface termed as 'rhizosphere' is a typical zone of soil where the physical, chemical and biological characteristics are different from bulk soil (outside the rhizosphere region). This is mainly controlled by physiological response from plants to the environmental changes through exudation of chemicals from root region and the cascade of chemical (changes in pH and redox potential, release of anions and nutrient transformation) and biological (microbial association) events that follow. The other adaptive mechanisms include root length and area as affected by temperature, moisture and nutrient content of the soil. In the recent years, advanced technologies have lead to significant findings at the micro-level in rhizosphere research, targeting the role of root-soil interface towards nutrient availability and agricultural productivity. However, with increasing human activities (including agriculture), undesirable quantites of heavy metals are being added to the environment thereby resulting in soil contamination. This review will discuss in detail on the processes involved in the (im)mobilisation of heavy metals in and around the root region as affected by chemical (pH and root exudates) and biological (microorganisms) components.
Introduction
'Heavy metal(loid)s' generally includes elements (both metals and metalloids) with an atomic density greater than 6 g/cm 3 [with the exception of arsenic animals (Adriano, 2001 ).
With increasing demand for safe disposal of wastes generated from agricultural and industrial activities, soil is not only considered as a source of nutrients for plant growth, but also used as a sink for the removal of contaminants from these waste materials.
As land treatment becomes an important waste management practice, soil is increasingly being seen as a major source of heavy metal(loid)s reaching the food chain, mainly through plant uptake and animal transfer. Such waste disposals have led to significant build up of a wide range of metal(loid)s in soils, such as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), mercury (Hg), lead (Pb), selenium (Se), and zinc (Zn). Since metal(loid)s do not undergo chemical degradation, they persist for a long time in soil, posing threat to soil and environmental health (Adriano et al., 2004) .
There are a number of remediation strategies including physical (e.g. replacement of contaminated soil with clean soil), chemical (e.g. immobilisation using lime and phosphate compounds) and biological (bioremediation using microorganisms and/or plants)
methods. The first two approaches are expensive and hence plant-aided remediation termed as 'phytoremediation' is increasingly being researched for restoration of heavy metal(loid) contaminated sites (Robinson et al., 2006) . In this approach, plants are generally used to extract the heavy metal (loid) s and the process is termed as phytoextraction. In some cases where the phytoextraction is not viable due to bioavailaibility factors, in situ immobilization (e.g. phytostabilisation) is also considered as a phytoremediation strategy.
Any phytoremediation process starts at the soilplant interface or the root zone region termed as 'rhizosphere' and hence the process of heavy metal(loid)s transformation mainly occurs in this region. With increasing demand for safe disposal of wastes generated from agricultural and industrial activities, rhizosphere soil is not only considered as a source of nutrients for plant growth, but also used as a sink for the removal of contaminants from these waste materials. The complexity of the rhizosphere region, the sources and dynamics of heavy metal(loid) s in soil and the role rhizosphere in heavy metal(loid) transformation will be presented in this review, with focus on bioavailability of heavy metal(loid)s and remediation of the contaminated soil.
Sources of heavy metals
Soil is the major sink for contaminant chemicals including excessive nutrients and undesirable quantities of heavy metals, which also makes it as a major source of these materials. Similarly, sediments in water are considered as the ultimate sink for these chemicals. Heavy metals reach the soil environment through both pedogenic (or geogenic) and anthropogenic processes. Arsenic (As)
is the best example of a heavy metal(loid) released by natural processes. For example, in countries like India, China and Bangladesh, As release from ground water is a serious issues which were found to be transported from the sedimentarty rocks of Himalayan origin over several centuries (Mahimairaja et al., 2005; Yu et al., 2007; Armienta et al., 1997; Del Razo et al., 1990) . Majority of the naturally occurring sources are not readily available to plant uptake compared to the ones that are released from human activities (Lamb et al., 2009; Naidu and Bolan, 2008; Naidu et al., 1996) . Most anthropogenic activities, such as industrial processes, manufacturing and the disposal of domestic and industrial waste materials release heavy metals which are highly available for plant uptake (Table 1; Adriano 2001; . Atmospheric pollution from Pb-based petrol is a major issue in many developing countries where there is no constraint on the usage of leaded gasoline. While sewage sludge is the major source of metal inputs in Europe and North America. Phosphorus (P) fertilizers are considered to be the major source of heavy metal(loid)
input, especially Cd, in Australia and New Zealand.
The main source of P for agricultural usage is phosphate rocks (PRs), which also contains considerable quantities of heavy metal(loid)s ( (Bao et al., 2011) . It is important to stress that PR deposits vary in their Cd content, leading to the variation in Cd contents of manufactured P fertilizers.
With rich source of Cd from P fertilizers, large quantities of Cu are used in agriculture, horticulture and animal industries as formulations of Cu containing fungicides, such as copper oxichloride and 'Bordeaux' mixture, and as a growth promoter in piggery and poultry units (Adriano, 2001; Bao et al., 2011) . Copper containing fungicides are quite effective in controlling many fungal diseases and are also accepted in 'organic' farming (Komárek et al., 2010 As to soil environment.
Transformation of heavy metal(loid)s in soils
The general mechanisms involved in the transformation of metal(loid) ions in the soil lead to retention (mediated by sorption, precipitation, and complexation reactions) or loss (plant uptake, leaching, and volatilization) of heavy metal(loid)s (Figure 1 ). Although most metal(loid) s do not undergo volatilization related losses, some metal(loid)s such as As, Hg, and Se tend to form gaseous compounds (Mahimairaja et al., 2005; . The lower the metal(loid) solution concentration and the more sites available for sorption, the more likely that sorption/desorption processes will determine the soil solution concentration. However, the fate of metal(loid)s in the soil environment is dependent on both soil properties and environmental factors. surface, which can be broadly grouped into specific and non-specific retention (Bolan et al., 1999; Sparks, 2003; Li et al., 2006) . The former involves chemical bond formation between the ions in the solution and those in the soil surface, whereas in non-specific adsorption, the charge on the ions balances the charge on the soil particles through electrostatic attraction (Li et al., 2006; Sposito, 1984; Zenteno et al., 2013) .
A dynamic equilibrium occurs between metal(loid) s in solution and soil's solid phase, which is controlled both by soil properties and soil solution composition.
While soil pH is the main factor influencing the sorption (Bolan et al., 2003; Harter and Naidu, 1995) .
The inorganic anions can either form ion pair complexes with metal(loid)s thereby reducing their sorption (Hong et al., 2010) or they can increase the negative charge on soil particles, thereby increasing the sorption of cationic metal(loid)s (Naidu et al., 1994) .
Most of the heavy metal(loid) ions in soil solution decreases with increase in pH because of increase in pH dependent surface charge on oxides of Fe, Al and Mn; chelation by organic matter, or precipitation as metal(loid) hydroxides (Mouta et al., 2008; Stahl and James, 1991) . Generally, an increase in soil pH increases the removal of both CEC a the total amount of heavy metal(loid)s from the soil (Shuman, 1986; Violante et al., 2010) . Complexation reactions between metal(loid)s and inorganic/organic ions could also contribute to metal(loid) retention, where the organic component of soil constituents possessing ligands forms chelates with meta(loid)s Harter and Naidu, 1995) . With increasing pH, the carboxyl, phenolic, (Adriano, 2001; Bolan and Thiagarajan, 2001 ).
In the presence of iron oxyhydroxides, co-precipitation of metal(loid)s has also been reported at low pH and often such interactions lead to significant changes in the surface onto hydrous iron oxides showed that co-precipitation was more efficient process than sorption for metal(loid)
removal from aqueous solutions. In another instance, Violante et al. (2007) noticed that As(V) was desorbed by P from a ferrihydrite on which As(V) was added than from a Fe-As(V) co-precipitate.
Oxidation/reduction
Metal(loid)s such as As, Cr, Hg, and Se, are most commonly subjected to microbial oxidation/reduction reactions, thereby affecting their speciation and mobility (Table 3) . Redox reactions influence the speciation and mobility of metal(loid)s. For example, metals generally are less soluble in their higher oxidation state, whereas the solubility and mobility of metalloids depend on both the oxidation state and the ionic form (Ross, 1994) . In the case of sediments and soils, As(III) can be oxidized to As(V)
by bacteria (Bachate et al., 2012; Battaglia-Brunet et al., 2002) . The strong affinity of As(V) towards inorganic soil components, results in the immobilization of As after the oxidation process. Under well drained conditions, As is usually present as As(V) in soils, whereas under reduced conditions, As(III) dominates in soils, but elemental arsenic [As(0)] and arsine (H 2 As) can also be present. The reduction and methylation reactions of As in sediments are generally mediated by bacterial degradation of organic matter coupled with reduction and use of sulfate as the terminal electron acceptor .
Contrastingly, in the case of Cr, oxidation of Cr(III) to
Cr(VI) can enhance Cr mobilization and bioavailability.
It is primarily mediated abiotically through oxidizing agents such as Mn(IV), and to a lesser extent by Fe(III), whereas reduction of Cr(VI) to Cr(III) is mediated through both abiotic and biotic processes . Chromate (Cr(VI)) can be reduced to Cr(III) in environments where a ready source of electrons (Fe (II)) is available. Suitable conditions for microbial Cr(VI) reduction occur where organic matter is present to act as an electron donor, and Cr(VI) reduction is enhanced under acidic rather than alkaline conditions Hsu et al., 2009; Figure 2) .
In most living systems, heavy metal(loid)s generally undergoes reduction rather than oxidation. For example, Se undergoes reduction by chemical reductants such as sulfide or hydroxylamine, or biochemically by glutathione reductase (Zhang et al., 2004) . In the case of Hg, microorganisms, particularly bacteria play a major role in reducing reactive Hg(II) to non-reactive Hg(0), which may be subjected to volatilization losses. Hg(II) is reduced to Hg(0) by mercuric reductase, and the dissimilatory metal(loid) reducing bacterium Shewanella oneidensis has been shown to reduce Hg(II) to Hg(0), which requires the presence of electron donors (Wiatrwoski et al., 2006) . Microorganisms in soils and sediments act as biologically-active methylators, where organic matter serves as a methyl donor for both biomethylation and abiotic methylation in soils and sediments (Frankenberger and Arshad, 2001; Loseto et al., 2004) . For example, methylation of Hg is controlled by low molecular weight fractions of fulvic acid in soils (Battaglia-Brunet et al., 2002) . Similarly, Lambertsson and Nilsson (2006) suggested that organic matter and alternative electron acceptors influenced methylation of Hg in the sediments. Mercury is methylated through both biotic and abiotic pathways, although microbial methylation mediated mainly through dissimilatory sulfate-and iron-reducing bacteria is generally regarded as the dominant environmental pathway (Rodriguez et al., 2004 ).
In the case of As, biomethylation is effective in forming volatile compounds such as alkylarsines, which could easily be lost to the atmosphere (Lehr, 2003; Yin et al., 2011) . Methylated As species could result from direct excretion by algae or microbes or from degradation of the excreted arsenicals or more complex cellular organoarsenicals (Li et al., 2009 There has been continuous efforts on determining the ideal ratio between rhizosphere and bulk soil known as R/E ratio, which was found to be between 2 and 20, which can be termed as rhizosphere effect rhizodegradation and rhizovolatalisation can also be used, alternatively. There are numerous reviews on the rhizosphere action in phytoremediation over the past two decades (Anderson et al., 1993; Anderson and Coats, 1994; Dzantor, 2007; Fitz and Wenzel, 2002; Kuiper et al., 2004; McGrath et al., 2001; Meharg and Cairney, 2000; Newman and Reynolds, 2004; Siciliano and Germida, 1998 ;
The role of rhizosphere processes in phytoremediation
Phytoremediation or plant-assisted bioremediation refers to the use of plants to:
• stabilise or immobilise contaminants in soils or sediments which can be termed as phytostabilisation or phytoimmobilisation, respectively
• volatilise some metals and metalloids by the and biology (e.g., microbial community) of soil (Park et al., 2011) . The changes in soil chemistry due to soil amendment and plant growth can therefore influence the transformation, mobility and bioavailability of metal(loid)s (Walker et al., 2003; Clemente et al., 2010) . The effect of organic amendments on some of the rhizosphere properties in relation to metal(loid)s dynamics is presented in Table 4 . In the case of nutrients such as phosphorus (P), plant response to As and P interactions in the root zone appears to be system dependent. In nutrient solution culture, increasing amounts of soluble P at fixed As concentration reduced As phytotoxicity (Rumberg et al., 1960) . This was attributed to the inhibition of As uptake by roots in the presence of excessive amounts of P. Whereas in soil systems, P fertilizer addition has been shown to enhance the uptake of As due to an increase in solubility of As. This was because of competitive adsorption of phosphate to soil components such as Fe and Al and the resultant desorption of As (Creger and Peryea, 1994; Peryea, 1991) . Hence, P retention in soil plays an important role in As adsorption.
Generally that although root exposure of 2-25 ng/g Pb, Cu, Zn, As and Cd induced higher exudation of organic acids, but they did not influence the changes in pH.
This was attributed to other organic molecules such as polypeptides (Wheeler and Irving, 2010) . Within the rhizosphere, soil acidification is mainly caused by an imbalance in the carbon and nitrogen cycles caused by uptake of cations-anions and respiration (Tang et al., 2005) . A major source of H + fluxes in the rhizosphere is related to the differential uptake of cations and anions by plant roots (Hinsinger et al., 2003; Zhang et al., 2009; Ryan et al., 1993) . Uptake of solution NH 4 + results in a loss of positive charge in solution, which is counter-balanced by a corresponding release of H + into the rhizosphere (Marschner, 1995) . Apart from this, N transformation and nitrate leaching have been suggested to be major causes of soil acidification (Bolan et al., 1991) . The crop type also plays a major role in rhizosphere acidification. Nitrogen fixing plants tend to decrease soil pH more than non-N fixing plants, since the alkaline release does not occur significantly as NO 3 -is not required. Tang et al. (2000) reported that the lupin (Lupinus angustifolius) and
b. Rhizosphere pH
Rhizosphere pH is generally acidic and it can be attributed to a combination of mechanisms, including:
(i) cation-anion exchange balance; (ii) organic acid release (e.g., citric, malaeic, lactic, oxalic, propanic, butyric acids); (iii) root exudation and respiration and (iv) redox-coupled processes involving changes in the oxidation state of Fe, Mn and N and consuming or producing of H + (Hinsinger et al., 2003) . Application of organic amendments such as biosolids and manures can also produce organic acids extracellularly due to organic matter breakdown and often decreases the pH of rhizosphere soils (Caravaca et al., 2005; Santibanez et al., 2010) . However, the contribution of organic acid exudation to the pH of soil solutions depends on the soil pH, the assemblage of organic acids, and to some extent the ionic strength of the soil solution (Jones, 1998) . One of the mechanisms behind rhizosphere acidification is the release of H + by roots in their immediate vicinity (Ernst, 1996) . Javed et al. (Marschner, 1995) .
Although metal(loid) uptake by plants is known to decrease with decreasing pH in nutrient culture, metal(loid) uptake increases in the soil environment (Weng et al., 2003; . This can be attributed to competitive adsorption of metal(loid)s with soil components, thereby increasing the chances of metal(loid) desorption. For example, higher Cd uptake was obtained for lettuce (Lactuca sativa) and Swiss chard (Beta vulgaris) grown on acid soils (pH 4.8 to 5.7) than on calcareous soils (pH 7.4 to 7.8) (Mahler et al., 1978) . Khan and Jones (2009) 
5.1..Root exudates
Apart from the morphological changes and pH dynamics, plant roots also respond chemically by releasing organic compounds such as carbohydrates, organic acids (carboxylic and amino acids) and protons which are termed as root exudates and the process being 'Rhizodeposition'. The exudates are generally water-soluble and includes secretions, lysates, gases and mucilage (Grayston et al., 1997) .
These rhizodeposits are mainly C based compounds (e.g. organic acids) and hence attract microorganisms fuelling additional microbial growth within the rhizosphere (Lynch and Whipps, 1990) . Tao In the case of Cr, reduction was negatively correlated to bioavailability whereas the reduction of As from V to As (III) increased its bioavailability which can also be attributed to the reduction induced pH increase.
Organic exudates are also released from the roots when the plant is under stress from mineral deficiency and toxicity (Jones, 1998; Marschner, 1995) . Iron deficiency has been known to induce root exudation of range of organic compounds to improve Fe acquisition in soils (Jones, 1998; Rengel, 1997; . Exudation of siderophores, another organic exudate, is an additional strategy utilized by plants under Fe deficiency (Crowley and Rengel, 1999) . The siderophores released by plants for the purpose of Fe chelation are termed as phytosiderphores. Phosphorus deficiency is also well known to result in organic anion exudation in a range of plant species (Jones, 1998; Marschner, 1995; Pearse et al., 2006; . The release of organic acids such as oxalate, malate and piscidate is hypothesized to increase P sequestration from mineral surfaces; however, organic exudates production does not necessarily result in greater P uptake (Pearse et al., 2007) . Root exudate production has also been shown in response to metal(loid) exposure in soil solution (Jones, 1998; Bertin et al., 2003; Das and Maiti, 2007) . Bao et al. (2011) 
c. Microbial activity
Root exudates not only deposits the C compounds in the rhizosphere region and alter the chemical composition of the rhizosphere soil, but also serve as food for microorganisms (Brant et al., 2006) . Singh et al. (2007) (Satpute et al., 2010; Flemming and Wingender, 2001; Suh et al., 1999; Domozych et al., 2005; Domozych, 2007) .
Similar to the endorhizosphere of plant roots, the cell wall of microbes also plays a major role in metal(loid) adsorption/reduction (Hall, 2002) . Some studies have even proposed complexation, ion exchange, adsorption (by electrostatic interaction or van der Waals force), inorganic precipitation, oxidation and/ or reduction as part of metal uptake mechanisms by organisms (Volesky, 1990; Pietrobelli et al., 2009 ).
In metal(loid) contaminated soil, the poor performance (ii) ACC deaminase prevents the stress by-product ethylene which inhibits plant growth (Penrose et al., 2001 ) and (iii) siderophores help plants to acquire sufficient Fe in the presence of overwhelming amounts of other (potentially competing) metal(loid)s (Burd et al., 2000) . The Ni resistant ACC deaminase-containing plant growth-promoting bacterium could decrease the toxicity of Ni to canola plants (Burd et al., 1998) , there have been a large number of reports of facilitation of metal(loid) phytoextraction through the addition of plant growth-promoting bacteria and fungi. A number of scientific evidences proved that the inoculation of plant growth-promoting bacteria facilitated plant growth and increased the uptake of metal(loid) by the plant (Rajkumar et al., 2006; Ma et al., 2009; Sheng and Xia, 2006) . Pii et al. (2015) highlighted that plant growth promoting bacteria can positively affect the plants at both physiological and molecular levels (e.g.
inducing rhizosphere acidification, genetic regulation of ion uptake).
In soil, heavy metal(loid)s can have long-term toxic effects within ecosystems (Oleiveira and Pampulha,
2006
) and have a negative influence on biologically mediated soil processes (Lee et al., 2002) . It is generally accepted that accumulation of metal(loids) reduces soil microbial biomass (Yang et al., 2007) and various enzyme activities, leading to a decrease in the functional diversity in the soil ecosystem (Crowley, 2008) and changes in the microbial community structure. However, metal(loid) exposure may also lead to the development of metal(loid) tolerant microbial populations (Ellis et al., 2003) . For example, many microbes have been reported to reduce Cr(VI) under aerobic and anaerobic condition.
Bio-reduction of Cr(VI) can be directly achieved as a result of microbial metabolism (Nancharaiah et al., 2010) or indirectly achieved by a bacterial metabolites such as H 2 S (Okeke, 2008) . Therefore, C based root exudates along with rhizodeposition induced microbial metabolism can enhance rhizosphere process thereby influencing metal(loid) transformation in the rhizosphere region.
Phytoremediation strategies can be drawn based on the root exudate and the resultant microbial metabolites for restoring metal contaminated sites. 
